Abstract Allopolyploidization, where two species come together to form a new species, plays a major role in speciation and genome evolution. Transfer RNAs (abbreviated tRNA) are typically 73-94 nucleotides in length, and are indispensable in protein synthesis, transferring amino acids to the cell protein synthesis machinery (ribosome). To date, the regularity and function of tRNA gene sequence variation during the process of allopolyploidization have not been well understood. In this study, the intertRNA gene corresponding to tRNA amplification polymorphism method was used to detect changes in tRNA gene sequences in the progeny of interspecific hybrids between Brassica rapa and B. oleracea, mimicking the original B. napus (canola) species formation event. Cluster analysis showed that tRNA gene variation during allopolyploidization did not appear to have a genotypic basis. Significant variation occurred in the early generations of synthetic B. napus (F 1 and F 2 generations), but fewer alterations were observed in the later generation (F 3 ). The variation-prone tRNA genes tended to be located in ATrich regions. BlastN analysis of novel tRNA gene variants against a Brassica genome sequence database showed that the variation of these tRNA-gene-associated sequences in allopolyploidization might result in variation of gene structure and function, e.g., metabolic process and transport.
Introduction
Transfer RNA (tRNA) is usually 75-95 bp in length, and is classed as non-coding RNA. It is ubiquitous in all organisms, and accounts for about 15 % of all RNAs in the cell, between rRNA (approximately 75 %) and mRNA (about 5 %) in abundance. The roles and functions of tRNA have been widely studied. tRNA plays a critical role in protein synthesis, carrying an amino acid molecule to a peptide chain at the ribosome, through use of a three-letter anticodon (AC) corresponding to the three-letter codon of mRNA. tRNA molecules with specific ACs are known as isoacceptors, and read different codons to produce the same amino acid. There are 21 isoacceptor families, 20 for Lijuan Wei and Zeshan An have contributed equally to this study.
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The online version of this article (doi:10.1007/s00239-013-9598-4) contains supplementary material, which is available to authorized users. standard amino acids and one for selenocysteine (Goodenbour and Pan 2006) . The secondary structure of tRNA consists of two structural and functional domains: the top half domain, also called the ''minihelix,'' consists of an acceptor stem and pseudouridine (TwC) stem-loop, and the bottom half domain is composed of a dihydrouridine (DHU) stem-loop and an AC stem-loop.
tRNA molecules are highly conserved during evolution. Variation of mitochondrial serine tRNA in 13 Euptychiina butterfly species was mainly observed on the TwC and DHU loop-arm, and variable loop through sequence alignment and structure alignment (Marin et al. 2012) . Modern tRNAs are derived from tRNA halves mediated by repeat elements (Zuo et al. 2013) . The bottom half is more recent than the top half, as deduced from specific codon recognition in mRNA (Sun and Caetano-Anolles 2008b, c) . Furthermore, the tRNA cloverleaf structure can generally fold into the L-shaped 3D structure. Up until now, two types of tRNA genes have been discovered: continuous tRNA genes, which do not contain introns; and disrupted tRNA genes, which contain permuted, split, and introncontaining tRNAs (Randau and Soll 2008) .
Allopolyploidization merges two or more divergent sets of chromosomes (genomes). This process, which encompasses interspecific hybridization and subsequent chromosome doubling, is a vital process in the evolution, diversification, and speciation of plants . All angiosperms have experienced polyploidization once or more in their evolution history (Jiao et al. 2011) . The genome shock produced by allopolyploid formation was first described by McClintock (1984) . This genome shock includes extensive genomic changes as a result of homologous and homeologous pairing, emergence of diverse gene expression patterns and gene redundancy, and transposon activation (Kenan-Eichler et al. 2011) . A range of rapid genetic and epigenetic alterations accompanying allopolyploidization have been reported, such as DNA arrangement (Pires et al. 2004; Pontes et al. 2004) , changes in chromosome number (Negron-Ortiz 2007) and structure (Lim et al. 2008) , gain or loss of DNA (Song et al. 1995) , transposon activation (Zhang et al. 2013; Zou et al. 2011) , transcriptome shock (Hegarty et al. 2006) , and epigenetic alterations such as methylation (Lukens et al. 2006; Zhang et al. 2013) , histone modifications and variants (Madlung and Wendel 2013) , and small RNA change (Ha et al. 2009; Kenan-Eichler et al. 2011) .
According to U's triangle of Brassica (1935) , the Brassica genus contains three diploid and three amphidiploid species. Genomes A-C shared a common allohexaploid Brassica ancestor Röbbelen 1960) . Brassica napus L. (AACC, 2n = 4x = 38) is an important oil crop derived from interspecific hybridization and chromosome doubling between Brassica rapa (AA, 2n = 2x = 20) and Brassica oleracea (CC, 2n = 2x = 18). B. napus is also an important allopolyploid plant model, and has been used to investigate chromosome rearrangement and compensation so as to maintain genome stability (Szadkowski et al. 2011; Xiong et al. 2011) as well as transcriptome alteration and DNA methylation (Xu et al. 2009 ) in resynthesized allopolyploids. Little genetic change has been observed in the S 0 generation of resynthesized B. napus, but extensive alteration in DNA methylation has been detected (Lukens et al. 2006) . Gene expression was found to vary greatly from parent levels in a non-additive fashion in the early stages of synthetic B. napus formation (Albertin et al. 2006) , but with overall conservation of gene networks and pathways and protein functionality (Albertin et al. 2007 ). The differential regulation of protein expression in synthetic allopolyploids has been attributed to post-transcriptional modification rather than transcriptional changes, perhaps through the small RNA pathway (Marmagne et al. 2010 ). In addition, de novo variation in phenotypic traits in response to different growth conditions has been found in B. napus polyploid lines: in one study, 30 % of lines were similar to one of the parents, 50 % had intermediate values, and 20 % were transgressive .
Variation in gene expression and phenotype appear to be mainly caused by the exchange of homeologous chromosomes (Gaeta et al. 2007) , particularly during the first meiosis of resynthesized lines, which acts as a ''genome blender'' (Szadkowski et al. 2010) . Allopolyploidization also has a moderate effect on transposable element (TE) activation: highly specific TE activation events deriving from the B. oleracea genome have been identified (Sarilar et al. 2013) . Despite the bulk of evidence for other kinds of genomic change in synthetic polyploids, how tRNA gene sequences change and function during the process of polyploidization has yet to be investigated in detail.
Is variation in tRNA gene sequences during the process of allopolyploidization consistent with variation observed for other types of sequences? How regular is tRNA gene sequence variation, and what is the function of this variation during allopolyploidization? To answer these questions, we investigated tRNA in F 1 hybrids derived from a cross between B. rapa and B. oleracea and subsequent chromosome doubling, and in their F 2 and F 3 progeny. Specific primers were designed for tRNA genes predicted by a tRNA-scan program, and were used to detect tRNA gene variation induced by allopolyploidization over three generations and to explore the potential effect of tRNA gene variation on the genome. Our results showed that tRNA gene variation during allopolyploidization did not appear to have a genotypic basis and tended to be located in AT-rich regions, displaying a discrete pattern when compared to other types of sequence variation. This study is beneficial to understanding the function of tRNA genes in allopolyploidization.
Results

Primer Design
A total of 1,157 putative tRNA genes were predicted from B. rapa genome sequences using tRNA predicting program ''tRNAscan-SE.'' These genes were classified into 23 groups according to the type of tRNA isoacceptor (see Fig. 1 for detailed information). There were 67 introncontaining tRNA genes, belonging to four types and making up 5.8 % of the total number of tRNA genes. All of them had only one intron. Of the tRNA types with an intron, tRNA Tyr (26, 53.7 %) and tRNA Met (36, 38.8 %) made up the majority, with an average intron length of 11 bp. The longest intron in the tRNA Lys (CTT) gene was 192 bp, and the remaining four intron-containing tRNA genes were pseudogenes. In addition, only one selenocysteine tRNA gene and three suppressor tRNA genes were discovered, and all of them were discarded due to their low frequency. A total of 31 pseudo-tRNA genes (putatively non-functional) were also eliminated. Finally, 1,122 tRNA sequences comprising isoacceptors for the 20 common amino acids were used for subsequent analysis. The largest number of tRNA genes were tRNA Pro type (101, 8.7 %), followed by tRNA Gly (94, 8 .1 %) and tRNA Leu (83, 7 .2 %), and they were significantly more than the fewest number of tRNA gene type, tRNA Trp (30, 2.6 %; P \ 0.01). Local all-by-all BlastN with E value set to 1.0E
-6 was performed for these 20 isoacceptors, and the results were imported into the Cytoscape software to display the sequence relationships. ClustalX was performed for each class to find conserved regions for primer design. A total of 20 forward primers and 20 reverse primers were designed, such that every tRNA gene transferring a specific amino acid had one corresponding forward primer and one corresponding reverse primer (Table 1) . A total of 400 primer pairs were combined randomly and used to amplify polymorphismic fragments using DNA templates from the two parents (B. rapa and B. oleracea) and 33 of their offspring lines (including 3 F 1 plants, 10 F 2 plants and 20 F 3 plants). Finally, 113 primer pairs were selected and a total of 486 polymorphic loci were produced, with an average of 4.3 loci per primer combination. Each pair of polymorphic primers amplified tRNA genes transferring one type or two types of amino acids. The polymorphic information content (PIC) values for these loci ranged from 0.03 to 0.5 with an average of 0.32.
Frequency of Genetic Variants Generated by Allopolyploidization
In order to detect variation of tRNA genes during the process of allopolyploidization, ''abnormal bands'' different from parental bands were scored: novel bands and eliminated bands. Eliminated bands denoted bands present in both parents but absent in the progeny, while novel bands represented bands that did not exist in the parents but were present in the offspring. The number and frequency of abnormal bands over the three generations were scored in Table 2 . Novel bands were significantly more frequent than eliminated bands (P \ 0.01) in both the F 1 (16.2 % novel bands compared to 8.5 % eliminated bands) and F 2 generations (29.8 % novel bands and 22.2 % eliminated bands). However, there was no difference between the frequency of novel bands (5.8 %) and eliminated bands (6.6 %) in the F 3 generation (P [ 0.05). Furthermore, the frequency of tRNA gene sequence variation increased from the F 1 generation (24.7 %) to reach a maximum in the F 2 generation (52 %), before reducing in the F 3 generation (12.4 %). In summary, tRNA-gene-associated sequences varied most from the F 1 to F 2 generation, and more novel/ duplicated sequences than eliminated sequences were observed during the Brassica allopolyploidization process.
In addition, bands could be divided into 20 groups according to the type of amino acids that the tRNA carried. The frequency of variants for tRNA carrying each of the 20 common amino acids (Arg, Asn, Asp, Cys, Gln, Glu, Gly, His, Ile, Leu, Lys, Met, Phe, Pro, Ser, Thr, Trp, Tyr, and Val) is displayed in Fig. 2 . Variation in the F 3 generation was the smallest of the three generations in each class of tRNA genes. Most classes of tRNA genes showed the greatest changes from the F 1 to the F 2 generation, but some tRNA genes were an exception: those transferring Ala (44.6 %), Asp (51.5 %), His (37.2 %), Leu (45.8 %), Met 
Cluster Analysis
To judge whether the phylogenetic relationship based on tRNA loci was consistent with the pedigree of the materials over the three generations, cluster analysis of 33 selfing lines (F 1 -F 3 ) was performed with 199 parental polymorphic loci (excluding loci showing variation) using unweighted pair group method of arithmetic means, UP-GMA (Fig. 3a) . Line A30 in the F 3 generation, line A20 in the F 2 generation, and line A33 in the F 3 generation clustered into one group, respectively, and all other lines clustered into another group. This failed to correspond to the known pedigree relationships of these materials. In a complementary analysis, in order to detect whether variation in tRNA loci have a genotypic basis during allopolyploidization, all 486 polymorphic loci including eliminated loci and novel loci were clustered across the three generations (Fig. 3b) . Results were similar to the previous cluster analysis (Fig. 3a) , with the 33 offspring lines clustered into three groups: line A20 in the F 2 generation and line A33 in the F 3 generation were assigned into two separate groups, and the remaining materials clustered into another big group. tRNA loci variation was so extensive that phylogenetic relationships between individuals could not be deduced from tRNA loci after a generation.
Sequencing Analysis
In order to investigate the nature of the tRNA variants, 24 bands which were eliminated in the progeny were extracted from the parents, 80 novel bands were extracted from the progeny lines, and positive clones were sequenced. After removing clone vectors, 94 non-repetitive sequences were obtained. To confirm whether the variation of these sequences was related to tRNA genes, we performed local BlastN analysis (E B E -10 ) against the set of tRNA genes in the B. rapa genome which were used to design the starting primers. Of the 94 sequences, 70 matched well with predicted tRNA genes: 24 eliminated bands and 46 novel bands. The remaining 24 sequences did not match and were discarded. Matched sequences ranged from 88 to 1,131 bp in length. Details of the tRNA-gene-associated sequences are shown in Supplementary Table 1 .
To explore the characteristics of these 70 tRNA-geneassociated sequence variants, homologous sequences were obtained through BlastN analysis against the A and C genomes of the BrBo.chr database, using the lowest E value and higher scores to select the most homologous sequence match. The two 100 bp sequences flanking each homologous sequence were also extracted to produce the final homologous sequences (Supplementary Table 2 ), as the amplified fragments might contain parts of tRNA genes rather than entire tRNA genes. From in silico mapping, these sequences were located across 9/10 chromosomes of B. rapa (all but A6) and all nine chromosomes of B. oleracea. Using these sequences, 46 tRNA genes formed by 16 tRNA types in 45 homologous sequences (64.3 %) were predicted by the tRNA-scan program. The location of the tRNA genes, the type of tRNA and the detailed anticode and intron information are shown in Table 3 . The most frequent tRNA type was tRNA Gly (GCC; 11, 24.4 %), followed by tRNA Pro (TGG; 7, 15.5 %), and all other tRNA types had only one or two sequences. This was consistent with the tRNA prediction results from before in the B. rapa genome, and it is likely that these two tRNA types had more primers than other types.
In addition, in order to understand the genomic environment of the tRNA gene variants, the GC content of the 50 bp flanking sequences for the predicted tRNA genes was calculated. The average AT content of the 5 0 -end flanking sequences varied from 46 to 86 % with an average of 71 %, while the AT content of the 3 0 -end flanking sequences ranged from 56 to 86 % with an average of 73 %, suggesting that the tRNA-gene-associated sequence variants tended to be located in AT-rich regions.
Gene Function
All tRNA-gene-associated sequences were used to perform BlastN analysis against the B. rapa and B. oleracea coding genes in the BRAD database with default values. According to the minimum E values and the maximum scores, 49 tRNA-gene-associated sequences out of 70 sequences The variation frequency (F) was calculated according the formula: F = I/K 9 100 % I number of eliminated bands (or novel bands) appearing in the offspring, K total number of all bands appearing in the offspring (71 %) showed high homology with these coding genes, suggesting that these tRNA-gene-associated sequences could result in variation of gene structure and putatively gene function. The detailed alignment information is shown in Supplementary Table 3 . The functional annotation of coding sequences based on cellular composition, molecular function, and biological process is shown in Fig. 4 . For cellular composition, the genes were mainly operative in the organelles (34.4 %), including in the chloroplast (15.6 %), ribosome (9.4 %), and vacuole (9.4 %), followed by the cell membrane (34.4 %), nucleolus (15.6 %), cytoplasm (6.3 %), macromolecular complex (6.3 %), and cytoskeleton (3.1 %). In the annotation of molecular function, binding function occupied the largest proportion (52.8 %), including DNA binding, rRNA binding, protein binding, lipid binding, metal ion binding, and carbohydrate binding. The remaining molecular functions included catalytic activity (19.4 %), transporter activity (11.1 %), structural composition (8.3 %), transcription activity (2.8 %), metallochaperone activity (2.8 %), and receptor activity (2.8 %). The biological processes were mainly metabolic processes (26.2 %), transport (19 %), response to stimulus (19 %), and translation (11.9 %). Overall, the key function of these genes was binding, gene expression mainly occurred in organelles and in the cell membrane, and these genes participated in metabolic process and transport.
Discussion
Hybridization and allopolyploidization, where two species come together to form a new species, are major processes in speciation and genome evolution. Extensive genomic changes are induced by hybridization and genomic introgression, including microsatellite mutation, retrotransposon mobilization, and epigenetic changes (Dong et al. 2013; Zhang et al. 2013; Zou et al. 2011) , and these changes often facilitate the establishment of new species Levy 2005, 2009 ). tRNA plays a major role in protein synthesis, transferring amino acids to the protein synthesis machinery. However, how tRNA genes are affected by and vary as a result of allopolyploidization is unknown. In this study, we employed special inter-tRNA amplification polymorphism (ITAP) markers (inter-tDNA markers corresponding to tRNA amplification polymorphism) to determine tRNA gene alterations over three generations of synthetic B. napus, to explore the characteristics of tRNA gene variants, and to investigate tRNA gene function.
The ITAP method was used to detect tRNA gene variants in this study, which could distinguish novel tRNA sequence variation from chromosome rearrangements due to homeologous recombination. Chromosome rearrangement caused by homeologous chromosome replacement and rearrangements was common in the early generations of resynthesized B. napus and it was responsible for the production of novel bands and phenotypic variation (Gaeta et al. 2007; Xiong et al. 2011) . However, the detected fragments between one or two tRNA genes ranged from 88 to 1,131 bp in length, and chromosome breakage was less likely to occur in the fragments. The occurrence of novel bands was due to tRNA gene variants. For eliminated bands, they might be resulted from the lost of chromosome fragments including tRNA genes or chromosome rearrangement during the allopolyploidization.
The tRNA Gene Variation Occurred in Early Stages of Allopolyploidization
Actually, many studies about chromosome rearrangements and homeologous pairing in synthetic B. napus have been demonstrated (Nicolas et al. 2007; Song et al. 1995; Udall et al. 2005; Xiong et al. 2011 ), but little is known about the sequence variation of tRNA genes. In this study, 131 ITAP primers were used to detect tRNA gene changes over three generations (33 offspring) after crossing between B. rapa and B. oleracea to generate resynthesized B. napus. Appearance of tRNA gene variants in the early generations (F 1 or F 2 ) was the highest, and appearance of tRNA gene variants was the lowest in the F 3 generation for all tRNA loci and for each of the 20 classes of tRNA loci carrying common amino acids. The results were consistent with previous studies of genetic and genomic variation after hybridization: Zou et al. (2011) found that the reactivation of most LTR retrotransposons, which was not due to chromosome rearrangement, occurred in the early generations after interspecific hybridization in Brassica. Likewise, Szadkowski et al. (2010) described the first meiosis of resynthesized B. napus as a ''genome blender.'' Most microsatellite variation was also found to occur in the early stages after alien DNA introgression in rice (Dong et al. 2013) . Genetic incompatibility between the two divergent genomes that are merged together in the new allopolyploid is thought to rapidly give way under selection pressure for stable genome inheritance and gene expression (Chen 2007; Leitch and Leitch 2008; Osborn et al. 2003; Otto and Whitton 2000) . Significant F 2 fitness breakdown was observed in copepod (Tigriopus californicus) between the parental generation and early generation hybrids, but hybrid superiority in later generations preceded hybrid inferiority in the early stage (Edmands et al. 2005) . In legume Chamaecrista fasciculate, the fitness of a recombinant F 6 population, including the ability to survive and reproduce, demonstrated a strong recovery (Erickson and Fenster 2006) .
In our study, the frequency of novel bands was significantly more than that of eliminated bands in the F 1 and F 2 generations, indicating that tRNA-gene-associated sequences altered continuously after polyploidization to adaptive differentiation. Extensive variation of tRNA genes mainly occurred in the early generations of allopolyploidization, which might result in chromosomal difference contributing to hybrid breakdown. The small alterations in the later generations, e.g., F 3 generation, might be beneficial to hybrid superiority. This result was consistent with previous evidence that hybrid breakdown might be temporarily followed by hybrid superiority (Hwang et al. 2011) . Novel tRNA-gene-associated sequences may contribute to novel genetic functionality that can aid in allopolyploid establishment (Mallet 2007) , whereas loss of tRNA-gene-associated sequences may lead to loss-of-function mutations and hence deleterious phenotypic effects.
tRNA Gene Evolution
Two cluster analyses were performed: one with only ITAP alleles not derived from abnormal bands, and one with all alleles including novel and eliminated variants. For the first cluster analysis the results did not correspond to the pedigree of the lines, which showed that tRNA gene differentiation was highly prevalent. The clustering results for all loci (including loci containing variants) were similar to the clustering results excluding loci containing variants. The failure of tRNA genes from the 199 tRNA loci to group in pedigrees in the phylogenetic tree in our study suggests that tRNA gene diversification is extremely rapid. This may support the idea that tRNA gene diversification preceded the divergence of species through all tRNA sequences analysis (Sun and Caetano-Anolles 2008b) . tRNA and organisms did not co-evolve, and tRNA was created from a single hairpin duplication (Widmann et al. 2005) . It is commonly accepted that initially the acceptor stem sequences only attached a few amino acid sequences, and not all 20 amino acids were encoded (Saks and Sampson 1995; Sun and Caetano-Anolles 2008a) . If tRNA loci are prone to rapid genetic differentiation over short time frames, this may explain the evolution of tRNA loci to carry all 20 common amino acids in most organisms. In our previous results assessing transposon-induced sequence variation in synthetic B. napus , synthetic lines were clustered by generations, with each generation more similar to itself than to its parents or progeny. However, tRNA-gene-associated sequences may evolve and differentiate far more irregularly than transposon-associated sequences, possibly having great effect in the allopolyploidization process. Hence, tRNA gene alterations may comprise a major force to drive the differentiation of lines and accelerate the process of polyploidization.
Characteristics and Gene Functionality of the tRNAGene-Associated Sequences
The homologous sequences plus 100 bp flanking sequences of 70 tRNA loci were found through BlastN analysis in the Brassica database: 46 tRNA genes formed by 16 tRNA types in 45 homologous sequences (64.3 %) were successfully predicted. The two main types of tRNA genes, tRNA Gly and tRNA Pro , not only had high variation frequency but also accounted for relatively large proportion of tRNA loci identified in the parent B. rapa genome. In addition, these tRNA genes were usually located in AT-rich regions. Similarly, the 50 bases upstream of tRNA gene sequences are known to be rich in A and T residues in flowering plants Arabidopsis thaliana, Medicago truncatula, Populus trichocarpa, Oryza sativa, and Brachypodium distachyon (Michaud et al. 2011) .
To sum up, extensive tRNA gene alternations were induced in the early stages of allopolyploidization. tRNA variation did not correspond to either generations or pedigrees. The 50 nucleotides upstream and downstream of tRNA genes were in AT-enriched sequences. This region is generally associated with non-coding regions which may be under less selective pressure and the variation is more easily accumulated. tRNA gene variation may have a substantial impact on coding gene functionality, particularly with respect to metabolic processes and transport in the organelles (chloroplast), and cell membrane, since the chloroplast genome was important in encoding all tRNAs for translation (Michaud et al. 2011 ).
Materials and Methods
Materials
Variation of tRNA genes during the process of polyploidization was detected in the parents B. rapa (A1) and B. oleracea (A2) and in their synthetic B. napus offspring
. Three F 1 plants (A3-5), 10 F 2 plants (A8, A10, A11-13 from A3 selfings, A16 and A20 from A4, and A7, A21 and A23 from A5), and 20 F 3 plants from eight F 2 plants whose chromosomal number was 38 by cytological observation (Li and Heneen 1999) were investigated. Detailed characteristics and pedigrees of the lines used in this study are described in An et al. (2013) . 
Primer Design
Predicted tRNA gene sequences were used to perform local all-by-all BlastN by Bioedit, using a cut-off E value of \1.0E
-6 (Hall 1999) . Resulting gene sequences were classified into different classes and displayed using Cytoscape 2.0 (Smoot et al. 2011) with default values. For each class of tRNA gene, the conserved sequences were obtained by sequence alignment using ClustalX software (Thompson et al. 1997) , and were then used to design primers using Primer 3 (Rozen and Skaletsky 2000) . The parameters for primer design were set as follows: the average annealing temperature was 60°C (range from 55 to 65°C), GC content was 40-60 %, and primer length was 18-27 bp.
Cluster Analysis
Total genomic DNA for all materials was extracted using the CTAB method (Rogers and Bendich 1985) . The forward and reverse primers designed from tRNA gene sequences were combined randomly and screened between the parents and their offspring. ITAP was detected using 6 % denaturing polyacrylamide gel electrophoresis to visualize DNA fragments. A sketch of PCR products amplified with ITAP primers is shown in Fig. 5 , and these sequences are also referred to as amplified tRNA-geneassociated sequences. Polymorphic primers were then used to amplify sequences in the parents, F 1 -F 3 plants. Clear bands were scored as 1 (present band) or 0 (absent band). The PIC and cluster analyses were performed using the statistical software package NTSYS-pc 2.02 (Rohlf 1998) using the UPGMA.
Variation Frequency
In order to understand the variation of tRNA-gene-associated sequences during the process of polyploidization, abnormal DNA fragments exhibiting novel variation (eliminated and novel bands) were assessed. An eliminated band refers to a band that is present in both parents but that disappeared in some F 1 -F 3 lines, interpreted as the disappearance of tRNA-gene-associated sequences. Novel bands were defined as bands that were absent in both parents but present in the F 1 -F 3 lines, denoting the generation of new tRNA-gene-associated sequences and the variation of tRNA-gene-associated sequences. DNA from both parents was mixed in a 1:1 ratio as a template control to avoid experimental error. The variation frequency (F) was calculated according the formula: F = I/K 9 100 %, where I denoted the number of eliminated bands (or novel bands) and K denoted the total number of all bands appearing in the offspring.
Acquisition and Sequencing of Abnormal Bands
Abnormal fragments including novel bands and eliminated bands in the F 1 -F 3 lines were extracted from denaturing polyacrylamide gel, dissolved in 20 ll of double-distilled water and heated at 95°C for 20 min before finally being cooled to room temperature. The eluted DNA was used as the template for PCR amplification, and then PCR products were purified on a 1.5 % agarose gel. After ligating into the pMD19-T plasmid vector (TaKaRa, Japan), the recombinant plasmid was transformed into Escherichia coli and cultivated overnight in a lysogeny broth medium at 16°C. Two positive clones per band were selected and sequenced.
The Validation of tRNA Sequences
The vector sequences of sequenced fragments were removed using VecScreen (NCBI website (http://www.ncbi.nlm.nih. gov/VecScreen/VecScreen.html). These sequences were aligned with the putative tRNA genes in the B. rapa genome which were used to design primers in order to confirm the existence of the tRNA genes in the sequenced fragments and to assess if the tRNA genes were the origin of the genetic variation in the sequenced samples.
Sequence Analysis
The validated sequences were used to perform BlastN analysis against the B. rapa and B. oleracea genomes from the ''BrBo.chr'' database (http://www.oilcrops.info/), with an E value cut-off of\1.0E
-10 . The homologous sequences were selected and extracted according to the maximum E value, and if the E values of more than one pair of alignments were equal, then the hit with the highest score was chosen. The hit sequences as well as the corresponding flanking 100 bp sequences were also extracted as the final homologous sequences. To identify the type and characteristics of variation-prone tRNA gene sequences, the homologous sequences were used to perform tRNA gene prediction using tRNAscan-SE v.1.23 software with default values. The 50 bp flanking sequences of these hits were also extracted, and their GC contents were calculated using the software program Bioedit (Hall 1999) . To determine the effect of tRNA-gene-associated sequences on gene function, BlastN analysis with default values was performed against coding genes of B. rapa and B. oleracea in the BRAD database. The target coding genes were selected on the basis of the smallest E values, and if the E values of several pairs of alignments were the same, the hit with the greatest score was chosen. The coding gene sequences chosen were obtained through the BRAD database (http://brassicadb.org/brad/). Putative gene functionality, including molecular function, biological processes, and cellular composition, was predicted using Blast2Go (www.hindawi.com/journals/ijpg/2008/619832.html; Conesa and Gotz 2008) with default values.
